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Abstract — A rectangular waveguide resonator operating in the H IM 
mode at 3.2 GHz was used in determining the change In resonant 
frequency, AF, and the Q factor of the cavity, A 7, when measured with 
and without single corn kernels of various shapes and dimensions. By 
measuring those variables for a kernel oriented in two positions, differ- 
ing by a 90° rotation with respect to the maximum £-field vector, the 
average values of AF and AT were found to be quite Independent of 
shape. The ratio AF/AT is independent of size and is a function of the 
material properties (e*- l)/e\ This function is shown to be related to 
the material density, the moisture content, or other characteristics when 
all other properties except the one selected remain unchanged. 

I. INTRODUCTION 

CONVENTIONAL electronic instruments for mois- 
ture content determination in grain and seed provide 
a moisture content reading which is an average for all 
kernels in a sample (e.g. 100 g or more) [1]. There is a 
need for an instrument that can determine the moisture 
content of individual kernels within samples. 

Recently, concern has developed that spoilage of grain 
in transit or storage may be related to the practice of 
mixing high-moisture grain with lower-moisture grain to 
meet an average moisture content upper limit. Thus, an 
instrument that could determine the moisture content of 
individual kernels within samples would be useful for 
detecting blended lots of grain. Some success has been 
achieved in detecting single-kernel moisture content by 
conductivity measurements on grain kernels passing be- 
tween a pair of crushing-roller electrodes [2] and by 
impedance measurements on individual corn kernels with 
capacitive sensors at radio frequencies [3]. 

Resonant cavity techniques are widely used in measur- 
ing the microwave properties of materials [4] by measur- 
ing the shift in the resonant frequency and the change in 
the Q factor of the cavity when the sample is inserted into 
the cavity. This technique may provide an interesting 
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alternative to the existing methods for kernel moisture 
determination because it offers nondestructive and rela- 
tively fast measurements. On the other hand, difficulties 
include the fact that the measured parameters are depen- 
dent on the volume, geometry, and mode of operation of 
the cavity and on the permittivity, shape, dimensions, and 
location of the object inside the cavity [5], [6]. 

The purpose of this research was to determine the 
effect of corn (Zea mays L.) kernels of various shapes and 
dimensions and different hydration levels on the parame- 
ters of a resonant cavity operating at a microwave 
frequency and to evaluate the feasibility for moisture 
content determination in individual corn kernels. The 
promising results obtained for soybean seeds, which are 
nearly spherical in shape [7], provided a basis for continu- 
ing the research with corn kernels. As concluded in the 
previous report [8], the experiments should be carried out 
at a frequency lower than 6 GHz. This paper presents the 
results obtained with a cavity resonating at 3.2 GHz. 

II. Materials and Methods 
A. Corn Kernels 

The corn kernels used were from six hybrid, yellow-dent 
field corn cultivars grown in four different states in 1988, 
harvested at high moisture levels, and stored at 4°C after 
harvest. In contrast to soybeans, corn kernels are highly 
nonuniform, irregularly shaped objects, sometimes pyra- 
midal, cuboidal, or disklike; they are up to 14 mm long, 
with no plane surfaces and seldom with surfaces parallel 
to each other. The maximum-to-minimum dimension ra- 
tio ranged from 1.25 to 4. One hundred and four kernels 
were selected from six lots with initial moisture contents 
of about 18%, wet basis. Among these kernels, the high- 
est-to-lowest weight ratio was 2.1. Between microwave 
cavity measurements, the kernels were permitted to dry 
under room conditions (23°C, 30% RH) for various time 
intervals and were then sealed in glass vials and held at 
4°C for at least 24 hours prior to measurement to obtain 
more uniform moisture distributions within the kernels. 
They were weighted after each microwave measurement 
to an accuracy of 0.2 mg and finally were dried in a 
forced-air oven at !03°C for 72 hours to determine the 
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Fig. I. Corn kernel located at the center of a rectangular waveguide 
cavity operating in the H w mode. 



dry weight. The moisture content of each kernel at the 
time of microwave measurement was then calculated to 
complete the calibration. The same procedure was later 
applied to 80 kernels used as a verification sample set. 

B. Measuring Arrangement 

A 0.33 mm nylon line was passed through the individual 
kernels, permitting them to be held in the center of a 
rectangular cavity and rotated accurately about the x axis 
(Fig. 1). The cavity consisted of a section of standard 
WR-284 waveguide (inside dimensions, 72x34 mm 2 ) 305 
mm long and was coupled with the external waveguides 
through two identical holes 20.6 mm in diameter. The 
resonant frequency of the empty cavity operating in the 
H l0 , mode was 3205.8 MHz and its Q factor, Q t() was 
1650. 

The cavity was located between two waveguide-to- 
coaxial transitions, which allowed it to be connected to an 
automatic network analyzer calibrated in the transmission 
mode. The analyzer took 801 discrete frequency points 
with a range of 8 MHz spanning the resonant frequency 
of the cavity. This allowed measurement of the transmis- 
sion through the cavity in increments of 10 kHz by read- 
ing the coordinates of a marker position. A "marker to 
maximum" command automatically accomplished the de- 
termination of the resonant frequency with an accuracy 
better than 5 kHz and the transmission coefficient (S 2I ) 
through the cavity with an accuracy of 0.02 dB. 

In the following experiments, the shift of the resonant 
frequency is denoted by AF=*/ 0 -/,, where the sub- 
scripts 0 and s refer to the empty cavity and the cavity 
loaded with a seed at the center of the cavity, respec- 
tively. Energy dissipated in the object is expressed as a 
change in the cavity Q factor: 

J L ±_[Yi ,) 

Qu Qu^QiAK ) Q l « 

Here V denotes the voltage transmission coefficient at 
resonance, AT -(10* - 1) is the transmission factor, and 
k - 0.05 (S 2 m ~ $2i,)» with 5 2 | being the voltage transmis- 
sion coefficient at resonance, expressed in decibels. 



III. General Considerations 
The resonant cavity parameters with a kernel located at 
the center of the cavity are related to the kernel material 
permittivity, c = e'- je\ the kernel volume, and the ker- 
nel shape by the expressions (5], [6] 

and 

where r r is the volume of the empty cavity (749 cm 3 ), l\ is 
the volume of the object, and K is the shape factor, 
accounting for all effects related to the shape of the 
object. The ratio of these two quantities, 



is a size-independent function of the material permittivity 
and the shape of the object, where C-/„/g l<n is a 
constant dependent on the parameters of the empty cav- 
ity. When all objects to be measured are of similar shape 
[7], small variations in K cause variations in X which are 
comparable to the system measurement errors. X is then 
a size- and shape-independent function. 

Since corn kernels are nonuniform and irregularly 
shaped, the value of K in (2) may differ by more than a 
factor of 2. However, it has been observed [8] that when a 
kernel is rotated about the x axis of the cavity, both AF 
and AT show variations proportional to cos 2 0, where 6 is 
the angle of rotation. As shown in Fig. 2 for two kernels 
of different sizes and shapes but with the same moisture 
content, 16.4%, the measured values of AF and AT 
variations have the same character. The amplitude of the 
variation is smaller for the larger, nearly spherical kernel 
A (maximum-to-minimum dimension ratio of 1.27), than 
for the flat, disklike kernel B (ratio of 2.20), but the ratio 
of averaged values is similar for the two kernels (6.32 and 
6.26). 

To examine the relationships shown in Fig. 2 in more 
detail, the extremum values of AF and AT were mea- 
sured for many kernels rotated in the cavity. Results for 
several kernels of similar moisture contents, 13%, and of 
almost constant maximum-to-minimum dimension ratios 
(ranging from 2.8 to 3.3), but of different sizes, are shown 
in Fig. 3. The minimum, the maximum, and the averaged 
values of the resonant frequency shift and the transmis- 
sion factor are linear functions of the wet kernel weight. 
The ratio of the two averaged values, X = AF UVB /AT uvg , 
remains virtually constant, independent of the size of the 
kernel, as shown in Fig. 4. 

The extremum values of the cavity parameters for ker- 
nels of almost constant weight (0.275-0.295 g) and mois- 
ture content (13.0 ±0.25%), but of different shapes, are 
presented in Fig. 5. A dimension ratio of 1 corresponds to 
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Fig. 2. Resonant frequency shift, AF, and transmission factor, A7\ as 
a function of kernel orientation for two kernels of different shape and 
size but similar moisture content. 



spherical kernels, while a dimension ratio of 3 or more 
corresponds to flat, disklike kernels. None of the mea- 
sured extremum values change linearly with the dimen- 
sion ratio, but the ratio of the averaged quantities is 
nearly independent of the dimension ratio, as shown in 
Fig. 6. Similar relationships were obtained for groups of 
kernels of various sizes and shapes and different hydra- 
tion levels. 

These observations may be explained as follows: for 
two measurements with a kernel rotated by 90°, one 
obtains 



and 



AF, = ( € '-1)/^ 0 (|) 

^-«-l)lf a / 0 (l) 



(3a) 
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Fig. 3. Resonant frequency shift, AF, and transmission factor, AT. as 
a function of wet kernel weight for several kernels of similar shipc 
(dimension ratios 2.8 to 3.3) and moisture content (13% w.b.). 




(3b) 
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Fig. 4. Ratio of the two averaged quantities from Fig. 3, AF. VB /Ar iwa , 
as a function of wet kernel weights. All kernels had similar dimension 
ratios and moisture contents. 
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Fig. 5. Resonant frequency shift, AF, and transmission factor, AT, as 
a function of kernel dimension ratio for several kernels of similar size 
(wet weight from 0.275 g to 0.295 g). 

where the shape factors K x and K 2 are related to their 
extremum values: 

/C, = K roin + (K m „-K roi0 ) cos 2 0 

Ki - K min +(/C max - K min ) cos 2 (0 ± */2). 

Taking the average of the two measured values, one has 

AF, + AF 2 1 



AF, 



.v. 2 ^-Wx. + jc,)/.^) 

Ar. + Ar, l . , iv,\ 

which leads to the size-independent function as before 
(2), 



A7; 



avg 



Af, vg (e'-l) C 



AT, 



avg 



(5) 



where 



Kf + Ki 
Ktn " K } + K 2 
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DIMENSION RRTIO 
Fig. 6. Ratio of the two averaged quantities from Fig. 5, &F /Ar uvB , 
as a function of kernel dimension ratio. 
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Parameter * as a function of moisture content for corn ker- 
nels. Solid line is calculated from eq. (6). 



As in the case of soybeans [7], the function is highly 
correlated with moisture content in corn kernels. 

IV. Experimental Results 

Experimental results for the 104 kernels measured at 
various hydration levels to give 161 data points are shown 
in Fig. 7. The calibration equation fitting the experimen- 
tal data has the simple form 



112 



-2.45 



(6) 



and a correlation coefficient r » 0.878. 

To test the validity of the calibration equation (6), 
another 80 corn kernels were randomly selected from the 
same lots. This sample had a highest-to-lowest dry weight 
ratio of more than 2. Cavity measurements were taken 
over the moisture content range from 9% to 17%. Their 
exact moisture contents were determined by the standard 
oven method and compared with those calculated from 
(6). The histogram shown in Fig. 8 presents the distribu- 
tion of differences between oven moisture content and 
calculated moisture content for 80 data points. The mean 
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Fig. 8. Distribution of differences between oven moisture content de- 
termination and moisture content calculated from calibration 
eq. (6). 

value of the difference was 0.44% moisture and the 
standard deviation of the difference was 0.64% moisture. 
Therefore, the calibration equation (6) can be used to 
determine the moisture content of corn kernels from 
these lots with an uncertainty of 1.25% moisture at the 
95% confidence level. 

V, Discussion and Conclusions 

The two measured cavity parameters, shift of resonant 
frequency and change in Q factor, depend on the permit* 
tivity, shape, and volume of an object placed in the cavity, 
as well as on its orientation and location in the cavity. The 
ratio of these two measured cavity parameters is, to a 
great extent, a size-independent function, but its value 
depends on the shape of the object. Repeating the mea- 
surement with the object rotated 90° about the cavity x 
axis provides another set of data which permits calcula- 
tion of a ratio of averaged values that is proven to be a 
shape-independent function. Thus, this ratio can be a 
direct function of the object permittivity, which can be 
related to the material density, moisture content, or other 
characteristic of interest. 

Two measurements should be taken on nonuniformly 
shaped objects rotated by 90° in the resonant cavity or in 
two identical cavities rotated by that angle. All measure- 
ments are relative; i.e., only a difference of two resonant 
frequencies or two transmission coefficients is necessary. 
Therefore, high long-term stability of the measuring sys- 
tem is not required. 

Available data on nonuniform corn kernels rotated in 
an S-band cavity show a larger spread when plotted 
against moisture content than do similar results for more 
uniformly shaped soybean seeds [7]. The explanation may 
be twofold: 

• Every rotated kernel is measured twice; thus the 
effect of errors in the measuring system may be 
doubled when compared with soybeans that are mea- 
sured only once. 

• Linear dimensions of corn kernels (up to 14 mm) 
were relatively large compared with the half-wave- 



length (62 mm) at the operating frequency of 3.2 
GHz. 

Experiments with biological objects are difficult to carry 
out because the permittivity of the material changes dur- 
ing the measurements (drying), and measurements cannot 
be repeated exactly. Thus, in spite of precautions taken 
during the measurements, the accuracy of the data pre- 
sented in Figs. 2-6 is limited, because of uncertainties in 
both moisture content and dimension ratio determina- 
tions. Small errors in the kernel rotation angle would 
result in missing the extremum values slightly, which in 
turn would affect the average value of the parameter. 
One could speculate, for example, that, when properly 
averaged, the values of AF and AT shown in Fig. 5 do 
not depend on the dimension ratio. Until a final proof is 
provided, we conclude only that their ratio X is almost 
independent of the shape of corn kernels. Altogether, the 
experimental data presented above provide a relatively 
clear picture of the interactions between the biological 
objects and the electromagnetic waves inside the cavity. 
More work needs to be done to develop an analytical 
expression to describe the effect. However, the technique 
is accurate enough for practical application, e.g. moisture 
content determination. 

The accuracy of the system calibration for moisture 
content measurement is affected by an uncertainty of the 
measuring system, cr M , consisting of the repeatability of 
the results for the same kernel of given moisture content, 
and an uncertainty of the "real" value of the moisture 
content, a tt i.e., the repeatability of the results provided 
by the standard oven method used for the system calibra- 
tion. Since both of these uncertainties are of a random 
character, the uncertainty in using the microwave res- 
onator for moisture determination in corn kernels may be 
defined as 



(7) 



The uncertainty in moisture content determination by the 
standard oven method is <r t . = 0.22% moisture and the 
uncertainties in the resonator measuring system can be 
determined by differentiation of (6) (for a detailed analy- 
sis, see [7]). Assuming an uncertainty in the resonant 
frequency measurement 5/ = 0.02 MHz and an uncer- 
tainty in the transmission coefficient measurement 65 2l « 
0.03 dB, one can calculate or M = 0.16% moisture for a 
single measurement. Therefore, from (7), cr s = 0.32% 
moisture content. 

The microwave resonant cavity technique has been 
shown to be a simple, nondestructive, and potentially 
continuous method for determining the properties (den- 
sity or moisture content, for example) of single kernels 
and seeds, regardless of their shape and size variation. 
The method could be used for other biological objects, 
including other grains, nuts, and fruits, provided that 
their volume is small compared to the volume of the 
resonator. Other types of microwave resonators could 
also be used for this purpose. 
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